Introduction
In the last twenty years the fuel system of spark ignition (SI) engines has evolved monotonically from carburetion to throttle-body injection, then to simultaneous-fire port-fuel injection (PFI), and more recently to phased sequential-fire PFI. Advanced systems such as variable valve-timing, multiple roller camshaft, computer algorithms for transient metering, and turbo-charging have also been incorporated. But the current high-technology PFI engine, although highly evolved, has nearly reached the limit of the potential since it still uses throttling for load control and it still has a film of liquid fuel in the intake ports. The gasoline direct injection (GDI), in theory, does not have these two limitations and offers many opportunities for achieving significant improvements in engine fuel consumption and emissions reductions [1, 2] .
Gasoline PFI engines that are in production today have a higher brake specific fuel consumption compared to the direct-injection (DI) Diesel engine. This is due to the higher compression ratio and the unthrottled operation typical of Diesel engines, that, however, have higher NO x and soot emissions, slightly higher noise level and lower startability. The ideal would be to put together the best features of the both combining Diesel efficiency with gasoline specific power. Studies in this direction have shown that this may be achieved with GDI unthrottled engine. Fuel is injected directly into the combustion chamber in order to have a mixture with an ignitable composition near the spark plug at the time of ignition for all loads.
In a GDI engine, the fuel is injected directly into the cylinder avoiding the problems related with fuel film in the port. However this does not guarantee that fuel film problems are absent: the wetting of the piston crown or other combustion chamber surfaces, whether intentional or not, may occur. The mass delivered into the cylinder is more accurately controlled, providing potential for leaner combustion and less cycle-to-cycle variations. GDI engines require much less fuel to start leading to reductions in HC spikes during transient operations that could approach the level observed for steady operating conditions [3] . Other advantages of the GDI are the fuel cut-off in deceleration and the cooling of the inducted charge. The evaporation of the fuel droplets cools the air and this allows higher compression ratios and lowers the octane requirement of fuels, and, in addition, if the injection occurs during the induction event also the volumetric efficiency can be enhanced. Another limitation of PFI is the use of throttling for load control that in the GDI engine is obtained varying the amount of fuel injected.
In spite of the potential advantages the development of GDI engines has encountered many obstacles that hinder its application. The injection of fuel in the cylinder reduces the time available for evaporation and mixing. The PFI engines have the advantage that the intake system acts as a prevaporizing chamber. In GDI engines the time is reduced so fuel spray atomization has to be an order of magnitude finer, so that higher injection pressures are necessary. Moreover, the high NO x , HC and particulate emissions at high load, and the fact that a three way catalyst cannot be effectively used. Even if the engine operates at an overall lean condition that reduces NO x emission the level is still high compared to the level obtained with a three way catalyst, so much work has been made and is still needed to develop lean NO x catalyst. The most important obstacle in the development of GDI engines is that the control of the stratified-charge combustion over the entire operating range is very difficult. Since the location of the ignition source is fixed in SI engines and the mixture cloud must be controlled both temporally and spatially for a wide range of operating conditions. The development of a successful combustion system depends on the design of the fuel injection system and the matching with the in-cylinder flow field.
As a potential alternative to conventional PFI gasoline engines, direct injection spark ignition (DISI) engines are getting more and more interests for their significantly enhanced fuel economy, transient response, and cold-start hydrocarbon emission levels [1] . For a DISI engine, one of the most crucial processes is the spray and mixture formation process because whether the injected fuel can be atomized in a very short time and can provide a combustible mixture at the spot of spark plug at discharging time will greatly affect the whole combustion process and engine performance. The DISI systems fall into three categories according to the dominant approach of the stratified charge process: spray-guided, wall-guided, and flowguided [4] . The wall-guided system has been implemented in the commercial DISI engines [5, 6] . In this system, due to the non-vaporized fuel conflicting the piston cavity wall, a fuel film is formed on the wall inevitably, thus resulting in an increase in both soot and unburned HC emissions [7, 8] . In a flow-guided system, in order to ensure that the ignition occurs at a thermodynamic optimum timing, a stable airflow is required to enhance the mixture formation inside the spray cloud and to transport the compact spray cloud to the sparkplug. However, within the stratified operation range, it is impossible to generate such a stable airflow under all engine operating conditions. In addition, the generation of a swirl or tumble increases losses due to throttling and thus reduces fuel economy. For both the wall-guided system and the flow-guided system, the complex shape of the piston crown increases the surface area and results in an increase in the heat loss. Furthermore, the sharp edges of the piston make the knock resistance deteriorated [9] and the compression ratio often has to be lowered than that of a flat piston in order to prevent knock at full load. However, the spray-guided system which is called the next-generation DISI system by some researchers, showed its potential of solving the problems above in the wall-guided system and the flow-guided system [10] . Compared with the outwardly opening nozzle and pressure-swirl injector, the spray structure of the multi-hole nozzle does not change with increasing backpressure [11] , which is an important criterion for the realization of the spray-guided DISI engine. Although the multihole nozzles have met with success in DI Diesel engines, at the early stage of the development of DISI engines, they resulted in the poor engine performance. Their excessive long penetrations and large droplet sizes led to a great deal of soot, CO, and HC emissions [12, 13] . The emergence of the high pressure gasoline fuel injection pump and advanced control strategies makes it possible for the DISI engines to adopt the multi-hole nozzles again. Downsizing the nozzle hole diameter, increasing nozzle hole number and injection pressure will lead to a better fuel atomization and spatial distribution [12] , which will result in a better engine performance and a lower emission level. However, if the number of nozzle holes is too large, the interaction between the adjacent jets will occur. In addition, in the spray-guided DISI engine with a side-mounted injector, to avoid the wall impingement and to form a favorable mixture, non-axisymmetric nozzle hole arrangement, which means the included angles between two adjacent jets are different in one nozzle, is favorable. The results of the interactions of two adjacent jets are very important for this kind of application. In some circumstances the long spray tip penetration is suitable for a better air utilization, while in some other circumstance the short penetration is suitable for avoiding the wall impingement. The vaporization process of the spray is also very important because it will affect not only the ignition stability, but also the flame propagation. Many investigations on the impinging jets concerning the fundamental droplet-droplet and jet-jet interactions have been published [14] [15] [16] [17] , providing us useful information about the collision and coalescence behaviors of the droplets. Recently, the spray and mixture formation processes of group-hole nozzles in Diesel engines have been studied both experimentally and numerically [18] [19] [20] [21] [22] [23] . Compared with the conventional multi-hole nozzle, in which a single nozzle hole has the same flow area as the group of holes, the group-hole nozzle tends to provide the similar spray tip penetration, smaller Sauter mean diameter (SMD), higher air entrainment and larger vaporization ratio. However, due to the difference in the ignition method, the requirements of the DISI engines on the mixture formation process differ from that of the Diesel engines. Furthermore, these papers mainly focused on the behaviors and phenomena. The mechanism of the behavior of the very near spray jets is still unclear.
The effect of spray impingement on the combustion process and emission in DI Diesel engine was studied previously and the results show that high turbulence intensity and average wall temperature in cylinder induced enhanced air/fuel mixing and intensified evaporation of wall film decreases soot in impinging zones [24] . Summarizing the situation today, it must be pointed out that the predictive quality of the models currently used in computational fluid dynamic (CFD) codes has already reached a very high level, and that the use of CFD simulations for the research and development activities of engine manufacturers with respect to the design of new and enhanced mixture formation and combustion concepts is not only practical but already necessary.
In this work, the effect of interaction between the adjacent jets on the vaporization process, vapor and liquid mass distributions, spray tip penetration, droplet spatial distribution and the deformation of the spray jets is clarified with more details in the DISI engine with the two-hole nozzle side-mounted injector by using the CFD simulation.
Flow field equations
The equations used by numerical model are: continuum equation
energy equation
The constant coefficients are shown in tab. 1. 
Spray model
Wave breakup model is used which is further modified to account for spray wall impingement effects, and is also improved by considering droplet distortion to obtain dynamically varying drop drag coefficients [25] . The initial fuel droplets have the diameter of nozzle hole which is technically called blob injection.
Droplet dissipation rate is modeled by the following equation: 3.726Cr (9) in which Λ and Ω are wave length and wave growth rate and are functions of droplet characteristics and critical Weber number. Also droplet radius is assumed to obey the equation at steady-state; detailed information can be found in references ( [26, 27] 
Computational model
Numerical simulation was performed using the CFD code AVL FIRE 8.3. A cylindrical calculation domain with a diameter of 50 mm and a height of 80 mm was set up and was meshed with Fame Hybrid. The nozzle tips were set at the top center of the cylinder. The cells in the central part of the cylinder were refined so that the initial part of the spray can be described precisely. The size of cells varies from 0.5 to 2 mm. The standard k-ε turbulence model was used in the simulations of this study. Despite numerous shortcomings, which have been discovered over the past three decades of use and validation, it is generally accepted that the k-ε model usually yields reasonably realistic predictions of major mean-flow features in most situations. The Dukowicz evaporation model was solved by applying semi-empirical functions to the heat transfer combined with a heat mass transfer analogy [28] . For the sprays injected from hole-type nozzles, there are two methods to simulate the breakup processes. The first one is to set the initial particle size same as the nozzle hole diameter and to activate breakup models. The particle size is calculated using the primary and secondary breakup models. The second method is to set the initial particle size much smaller than the nozzle hole diameter and to assume that the disintegration process of the spray is completed right after the fuel injected out of the nozzle hole exits. The only recommended breakup model in this CFD code for GDI multi-hole injections is Huh-Gosman model. This is clear evidence that liquid breakup and air entrainment occur very close to the nozzle exit, which means instantaneous atomization happens there. Since there was no suitable instantaneous atomization breakup model for gasoline sprays injected from multihole nozzles, the second method was adopted in this calculation. Schmidt particle interaction model was employed to simulate the collision and coalescence processes in the sprays. In comparison to O'Rourke et al. model [29] , a presorting algorithm of the particles is adopted in Schmidt model to improve the calculation times considerably for high particle loads. For boundary conditions, all faces of the cylindrical calculation domain were set as "walls", and all velocities in all directions were set to 0 m/s. A constant temperature of 500 K was set for all the "walls". For initial conditions, all the cells in the domain were set to have a uniform initialization with the pressure of 1 MPa and temperature of 500 K. The initial density of the ambient gas was calculated according to the ideal gas law. The initial turbulence kinetic energy was 0.001 m 2 /s 2 and the initial turbulence length scale was 0.001 m. The computational parameters are listed in tab. 2. Figure 1 shows the definition of spray angle (θ 0 ) and the hole-axis-angle (γ) of the two-hole nozzle and single-hole nozzle spray. 
Validation and grid independency
A single-hole 0.25 mm diameter orifice nozzle, used by Mirza [30] , is chosen as a reference case and use is made of his published experimental results on fuel injection characteristics of the pump-line-injector combination using distribution type commercial fuel pump.
The grid used in the present analysis is 100000 cells. Grids having 150000 and 200000 configurations are also tested. As all grid configurations yield similar values of spray penetration, the 100000 grid is accepted as sufficiently fine. This grid size is also validated using experimental data in the next section.
The simulation results on spray penetration are compared with numerical solution. Figure  2 shows comparison of the predictions of numerical solution and the experimental results of Mirza [30] . The simulation results show very good agreement with the experimental results about the spray tip penetration tendency. Figures 3 and 4 shows the computational results of droplet distributions and tip penetration with spray cone angle (θ 0 ) and times in the single-hole injection system. Results show an increase in tip penetration as a result of an increase in time and decrease in θ 0 . Increased spray cone angle results faster fuel-air mixing, increased air entrainment and reduced spray penetration. Also fig. 4 shows the tip penetration distributions vs. time of the single-hole injection with the θ 0 of 5° to 30°. As can be seen from this curve, the tip penetration increases with an increase in time of start injection and decreases in cone angle. Figure 5 shows the spray tip penetration by using the numerical simulation results for the single-hole nozzle spray with the cone angle from θ 0 = 5 to 30 deg. in the end of injection. As shown this figure when spray cone angle increases, spray tip penetration decreases. Figures 6 and 7 illustrates the numerical results of SMD for sprays injected from single-hole nozzle at different spray angles (θ 0 ) vs. time. As shown with the increase time and decrease spray angles, the SMD decreased. The comparison of figs. 6 and 7 with fig. 5 , it is clear that with the decreasing of spray cone angle and increasing time spray tip penetration increases because large droplet formation. Figure 8 shows the numerical results of the sprays with spray angle of two-hole nozzles of 5 deg. to 30 deg. for γ =15 deg. Figure 9 shows the variation of tip penetration with time for different spray angles in γ = 15 deg. Results shows that spray tip penetration increases with decreasing θ 0 and increasing time. Figure 10 illustrates the numerical results of SMD for sprays injected from two-hole nozzles at different spray angles (θ 0 ) vs. time. As shown with the increase time and spray angles, the Sauter mean diameter decreased. Figure 11 shows the numerical results of the sprays with spray angle of two-hole nozzles (θ 0 ) of 5 deg. to 30 deg. for γ = 30 deg. Figure 12 shows spray tip penetration with time for hole-axis angle (γ) is variable. Spray tip penetration increases considerably with increasing time and decreasing hole-axis angle. Figure 14 show the values of SMD for γ = 30° cases with θ 0 = 5, 10, 15, 20, 25, and 30. It can be seen that the increase of θ 0 and time makes SMD decrease. Figure 15 shows SMD calculated as function of spray angle (θ 0 ) for various holeaxis-angles. In general increasing the spray angle and hole-axis angle cause decreases the SMD. Figure 16 shows the measured ratios of vapor mass to total fuel mass (m v /m f ) for single hole nozzle sprays at different spray angle and at two timings (0 and 0.5 ms AEOI). All the results show that, with the increase in spray angle (θ 0 ), the ratio of vapor mass to total fuel mass increased. At the two timings, the ratio of vapor mass to total fuel mass was increased with increasing the spray angle. The ratio of vapor mass to total fuel mass at 0.5 ms AEOI two times than the start of injection times. Figure 17 shows the computational results of ratio of vapor mass to total fuel mass for 0 and 0.5 ms AEOI. Results show that the two-hole nozzles sprays had the smallest ratio of vapor mass to total fuel mass. This indicated that the single-hole nozzle spray increased the ratio of vapor mass to total fuel mass. As shown this figure because of lower SMD droplet formation and fast evaporation, the ratio of vapor mass to total fuel mass increases with increasing of cone angle and time 
Results and discussion

Conclusions
Numerical simulation was performed using the CFD code AVL FIRE 8.3. In this work the effects of hole axis angle and spray cone angle on spray characteristics for singlehole and two-hole nozzle were examined of spray tip penetration, and SMD using CFD simulation code. Other characteristics, including the vapor phase concentration distribution, droplet spatial distribution were acquired from the numerical simulation results. Based on the computational results, the following conclusions can be obtained.
The single-hole nozzle spray with the θ 0 of 5 deg. had the longest spray tip penetration. The coalescences of droplets made the spray tend to get the longer spray tip penetration. In the comparison with the two-hole nozzle spray, the single-hole nozzle spray with the θ 0 of 5 deg. had the longest spray tip penetration and for the two-hole nozzle spray with the γ of 30 deg. and θ 0 of 30 deg. had the shortest spray tip penetration. When the hole-axisangle (γ) increased from 5 to 30 deg, spray tip penetration remained almost constant. For a single-hole nozzle spray, with the increase in spray angle (θ 0 ), the ratio of vapor mass to total fuel mass increased. For a two-hole nozzle spray, the coalescences of the droplets made the ratio of vapor mass to total fuel mass smaller than that of the single-hole nozzle spray. A smaller holeaxis-angle (γ) resulted in a smaller ratio of vapor mass to total fuel mass under all conditions. Also with increasing spray angle (θ 0 ) and hole-axis-angle (γ) the ratio of vapor mass to total fuel mass increased. When the spray angle (θ 0 ) and hole-axis-angle (γ) increased from 5 to 30 deg., the SMD, decreased for single-hole and two-hole nozzles used in this study. Acronyms AEOI -after the end of injection DISI -direct injection spark ignition GDI -gasoline direct injection PFI -port-fuel ignition
Nomenclature
